regulation at active genes. Meanwhile, it is now clear that PRC2 is an RNA-binding protein with high affinity but low specificity, and this adds to the multifaceted repertoire of this fascinating complex.
have adapted to take advantage of PRC2's affinity for RNA to affect additional localization and activity-modulating functions for PRC2 in cis and in trans 17 .
Is Polycomb unique in its nonspecific quest for high-affinity interactions with RNA? It seems unlikely; in fact, a recent study investigating repression by the maintenance DNA methyltransferase DNMT-1 showed that it too has a very high global affinity for RNA 18 . DNMT-1 was shown to bind many noncoding RNAs genome wide and, as a result, to be unable to methylate DNA at these loci, similarly to the inability of RNA-bound PRC2 to deposit H3K27me3. Moreover, Jpx 19 , Gas5 and Panda long noncoding RNAs have been show to associate with protein complexes (CTCF, glucocorticoid receptor and NF-YA, respectively) and to 'evict' these proteins from their DNA-binding interactions 20 . Thus, collectively, these examples show that binding to RNA can modulate a protein's normal function.
The two foundational studies described here are consistent with an emerging theme of RNA interacting with epigenetic regulatory complexes. These studies also clearly indicate that RNA, transcription and the epigenetic environment at a given genomic locus provide important combinatorial 'traffic control' signals that in turn modulate the activity at the locus. In summary, these two studies may represent a more global model whereby high RNA affinities are a way of sensing and avoiding the local chromatin state to determine where and when to mediate epigenetic repression.
As with any groundbreaking study, more questions are raised than are answered. For example, how does the interaction with RNA affect the activity of Ezh2 and affect PRC2-mediated repression? Does the RNA render PRC2 catalytically inert, or could Polycomb's strong affinity for RNA outcompete its DNA binding capacity (Fig. 2a) ? Does the binding of RNA to Ezh2 sterically prevent the proper assembly of a functional complex (Fig. 2b) , trigger a reorganization of subunits (Fig. 2c) or result in allosteric changes to PRC2 that render the complex inert (Fig. 2d) ? Could these observations be explained by Ezh2 acting alone, in a PRC2-independent manner (Fig. 2e) ? Also, with such a high affinity for RNA, how is PRC2 removed from nascent transcripts before splicing or other cotranscriptional processes? These are, of course, only a few of many possibilities for future investigation. Moreover, these are genome-wide trends of Ezh2 localization in the absence of H3K27me3, but specific examples may present complications to the proposed models.
For example, Xist appears to have a sequenceand secondary-structure-dependent binding interaction with PRC2 and specifically represses active genes in local proximity during X-chromosome inactivation 6, [13] [14] [15] . Indeed, Kaneko et al. 11 even suggest that fast-evolving RNAs such as long noncoding RNAs 16 may A mediator methylation mystery: jmjd1C demethylates mdC1 to regulate dNA repair Jian Lu & Michael J Matunis mediator of dNA-damage checkpoint 1 (mdC1) has a central role in repair of dNA double-strand breaks (dSBs) by both homologous recombination and nonhomologous end joining, and its function is regulated by post-translational phosphorylation, ubiquitylation and Sumoylation. In this issue, a new study by Watanabe et al. reveals that methylation of mdC1 is also critical for its function in dSB repair and specifically affects repair through BRCA1-dependent homologous recombination.
53BP1 (ref. 2)
. Because the factors that commit repair to the HR or NHEJ pathways compete for recognition of DNA ends, it is important that these factors be regulated so that repair is channeled through the appropriate pathway. A new study in this issue of Nature Structural & Molecular Biology 3 identifies the protein demethylase JMJD1C as the first branch-selective factor uniquely required for BRCA1-dependent HR-mediated repair (Fig. 1) .
eases. During the S-G2 phase of the cell cycle, when sister chromatids are available as templates, DSBs can be repaired by homologous recombination (HR), a repair mechanism that relies on the breast and ovarian cancerpredisposition gene product BRCA1 (ref. 1) . In phases of the cell cycle when homologous DNA templates are not available, DSBs are repaired by nonhomologous end joining (NHEJ), a process dependent on the repair factor It is essential that DNA DSBs be repaired accurately and efficiently to prevent genome rearrangements that could contribute to the development of cancer and age-related disn e w s a n d v i e w s MDC1 activity in DSB repair 15 , it is intriguing that Watanabe et al. 3 have identified yet one more PTM, methylation, involved in its functional regulation.
In a search for RNF8 and RNF168 substrates, Watanabe et al. 3 identified JMJD1C, a histone demethylase belonging to a family of demethylases containing Jumonji C domains 16 . JMJD1C was found to interact robustly with RNF8 and to be recruited to sites of DNA damage in a manner dependent on both RNF8 and its own protein-demethylase activity. Depletion of JMJD1C from cells reduced the levels of RNF8 and polyubiquitin at DSBs and impaired recruitment of RAP80-BRCA1. Surprisingly, despite the clear suppression of polyubiquitin at DSBs, RNF168 recruitment was not significantly affected. This suggests that polyubiquitylation of specific substrates by RNF168 may be suppressed in cells depleted of JMJD1C or that an imbalance may exist in ubiquitylation that favors deconjugation. Most notably, however, JMJD1C depletion had no effect on recruitment of 53BP1 to sites of DNA damage. Thus, JMJD1C is specific for the RAP80-BRCA1 branch of DSB repair.
How does JMJD1C affect RAP80-BRCA1 recruitment to DSBs without affecting 53BP1 recruitment? MDC1 is among the earliest proteins detected at DSBs, where it serves as a platform for recruitment of downstream factors, including RNF8. Considering the decreased accumulation of RNF8 at DSBs in JMJD1C-depleted cells, the authors speculated that interactions between RNF8 and MDC1 might be modulated by JMJD1C activity. Consistently with this hypothesis, MDC1 was found to be methylated at multiple lysine residues, and methylation at one of these lysines, nals required for RAP80-BRCA1 recruitment were unknown.
Many proteins involved in DSB repair undergo reversible post-translational protein modifications (PTMs), including phosphorylation, ubiquitylation and SUMOylation. For example, the ATM kinase is activated in response to DSBs and phosphorylates histone H2AX, which in turn recruits MDC1 to the damaged DNA (Fig. 1) . MDC1 is then itself phosphorylated and recruits the ubiquitin E3 ligases RNF8 and RNF168, which modify MDC1, histone H2A and histone H2AX with polyubiquitin chains. Downstream factors, including RAP80-BRCA1 and 53BP1, are subsequently recruited to initiate DSB repair 9 . In addition to being phosphorylated and ubiquitylated, MDC1 is also acetylated 10 and SUMO-conjugated [11] [12] [13] [14] . In light of the number of PTMs that modulate The molecular signals that suppress or promote HR and NHEJ repair pathways at DSBs are only partially understood. Both HR and NHEJ repair pathways require initial recruitment of MDC1 to DSBs and subsequent ubiquitylation events mediated by the RNF8 and RNF168 ubiquitin E3 ligases 4 . Downstream of these ligases, however, 53BP1 recruitment to sites of DNA damage is directed by ubiquitylation of histone H2A 5 , ubiquitin-dependent degradation of JMJD2A 6 and removal of L3MBTL1 by p97 segregase 7 . In contrast, BRCA1 recruitment to DSBs relies on synthesis of K63-linked polyubiquitin chains attached to histones, MCD1 or SUMO at DSBs. Ubiquitin and hybrid SUMO-ubiquitin chains are known to be recognized by the BRCA1-associated receptor RAP80 (ref. 8, 9) , but the factors that selectively promote the synthesis of K63-linked polyubiquitin chains and other sig- Figure 1 JMJD1C selectively regulates the RAP80-BRCA1 branch of double-strand break (DSB) repair. DSBs can be repaired by one of two pathways: homologous recombination (HR) or nonhomologous end joining (NHEJ). Both pathways depend on recruitment of MDC1 and the RNF8 and RNF168 ubiquitin E3 ligases to sites of DNA damage (denoted by irradiation, IR). Pathways diverge through selective recruitment of downstream factors: 53BP1 recruitment leads to NHEJ repair (right), whereas HR repair requires BRCA1 recruitment (left). Watanabe et al. 3 now show that recruitment of JMJD1C to sites of damage results in demethylation of MDC1 at K45 to promote interactions with RNF8 and consequent polyubiquitylation of MDC1 and other factors. The RAP80-BRCA1 complex is subsequently recruited through interactions with K63-linked polyubiquitin chains attached directly to MDC1 or through interactions with hybrid SUMO-ubiquitin chains whose synthesis depends on PIAS1, PIAS4 and RNF4. Me, methyl; P, phosphoryl; Ub, ubiquityl; S, SUMOyl; PIAS1/4, PIAS1 and PIAS4. , so understanding of how methylation at K45 affects interaction with these distal sites will require structural studies. Additional important questions also remain to be addressed. Although MDC1 is the first nonhistone substrate of JMJD1C to be identified, other substrates with roles in HR repair may exist. Consistently with a potential role of JMJD1C in regulating the activity of other factors involved in DSB repair, its depletion was found to have opposing effects on cellular sensitivity to PARP1 inhibitors and on formation of RAD51 foci when compared to effects in cells depleted of BRCA1. Thus, it is certain that future studies of JMJD1C and its effects on HR-mediated DSB repair will reveal additional exciting discoveries. These findings could also have important clinical implications, given that JMJD1C expression is reduced or lost in a substantial fraction of breast cancer carcinomas 3 .
K45, is specifically reduced by JMJD1C. An MDC1 mutant that is unable to be methylated at this residue, K45A, displayed enhanced and constitutive interaction with RNF8, thus supporting a model in which demethylation of MDC1 promotes stable interactions with RNF8 (Fig. 1) . Interestingly, despite this increased RNF8 association, expression of the K45A MDC1 mutant was unable to support recruitment of RNF8 to chromatin after DNA damage, thus suggesting that both methylation and demethylation of MDC1 must be spatially and temporally controlled for proper assembly at sites of damage.
In summary, JMJD1C is the first protein identified that selectively promotes the RAP80-BRCA1 branch of DSB repair, and it does so by enhancing interactions between MDC1 and RNF8 through a mechanism that is dependent on demethylation of MDC1 at K45. How this demethylation affects MDC1 and RNF8 interactions at the molecular level remains to be fully
PrimPol breaks replication barriers

Thomas Helleday
Faithful bypass of replication forks encountering obstructive dNA lesions is essential to prevent fork collapse and cell death. PrimPol is a new human primase and translesion polymerase that is able to bypass fork-blocking uV-induced lesions and to restart replication by origin-independent repriming. Complete and accurate duplication of the genome is essential to faithfully pass on an intact genome copy to the next daughter cell. DNA replication is initiated at specific origins of replication (ORIs), which can only be fired once to prevent DNA over-replication. In eukaryotic cells, the origin recognition complex, together with replication factors Cdc6 and Cdt1, bind at ORIs and load the minichromosome maintenance protein complex 1 . Origin recognition complex-mediated loading of the minichromosome maintenance complex at ORIs occurs only after mitosis and in the absence of cyclindependent-kinase activity 2 to ensure that DNA is replicated only once in each cell cycle. When cyclin-dependent-kinase activity increases in cells at the G1-S boundary, ORI firing is initiated. Only a handful of ORIs are fired when cells enter S phase, and many 'dormant' ORIs that never fire are replicated passively. However, these dormant ORIs are very important because they can rescue replication if the replication fork encounters obstacles or stalls 3, 4 (Fig. 1) . This rescue prevents under-replication, which would lead to severe aberrations if the cell were to complete mitosis. However, it is difficult for cells to resolve the potential scenario in which there are no dormant ORIs present in the DNA region between two obstructed replication forks, because there is no known mechanism for replication initiation that does not involve origin firing. One solution to this problem is to switch to a DNA polymerase that has the ability to replicate across the lesion by translesion synthesis (TLS) 5 (Fig. 1) . These 'translesion' polymerases often have poor fidelity, and this introduces the risk of base misincorporation and mutation, but their activity rescues survival. Another solution that does not require lesion-bypass synthesis is to reprime replication after the obstructing lesion to restart replication. It has been established in Escherichia coli that leadingstrand synthesis is discontinuous, leaving gaps in the newly synthesized DNA strand that provide evidence of repriming events 6 .
Single-stranded DNA gaps have also been visualized in Saccharomyces cerevisiae after UV exposure 7 , and subsequent gap filling can occur independently of genome replication 8 , results supporting a repriming model for restart of UV-stalled replication forks. Furthermore, DNA fiber assays in human cells have revealed that replication forks progress across UV lesions but leave postreplicative gaps, thus demonstrating that UV lesions can be bypassed by repriming in mammalian cells as well 9 .
Although repriming has been documented, the protein(s) required to catalyze such events in eukaryotic cells are unknown. The superfamily of archaeaoeukaryotic primases (AEPs) has numerous members that could potentially catalyze such reactions 10 . Although the replicative AEPs in eukaryotes (PriS or Pri1) function solely in the priming of DNA replication, some prokaryotic AEPs, such as PolDom, are actually polymerases that mediate repair of DNA double-strand breaks 11, 12 , thus suggesting more diverse roles for primases in DNA metabolism. Two recent articles by Mourón et al. 13 (in this issue) and Bianchi et al. 14 report the identification of a second eukaryotic AEP, n e w s a n d v i e w s npg
